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The vagal neural crest is the origin of majority of neurons and glia that constitute the enteric nervous system, the intrinsic innervation
of the gut. We have recently confirmed that a second region of the neuraxis, the sacral neural crest, also contributes to the enteric
neuronal and glial populations of both the myenteric and the submucosal plexuses in the chick, caudal to the level of the umbilicus.
Results from this previous study showed that sacral neural crest-derived precursors colonised the gut in significant numbers only 4 days
after vagal-derived cells had completed their migration along the entire length of the gut. This observation suggested that in order to
migrate into the hindgut and differentiate into enteric neurons and glia, sacral neural crest cells may require an interaction with
vagal-derived cells or with factors or signalling molecules released by them or their progeny. This interdependence may also explain
the inability of sacral neural crest cells to compensate for the lack of ganglia in the terminal hindgut of Hirschsprung’s disease in
humans or aganglionic megacolon in animals. To investigate the possible interrelationship between sacral and vagal-derived neural
crest cells within the hindgut, we mapped the contribution of various vagal neural crest regions to the gut and then ablated appropriate
sections of chick vagal neural crest to interrupt the migration of enteric nervous system precursor cells and thus create an aganglionic
hindgut model in vivo. In these same ablated animals, the sacral level neural axis was removed and replaced with the equivalent tissue
from quail embryos, thus enabling us to document, using cell-specific antibodies, the migration and differentiation of sacral
crest-derived cells. Results showed that the vagal neural crest contributed precursors to the enteric nervous system in a regionalised
manner. When quail–chick grafts of the neural tube adjacent to somites 1–2 were performed, neural crest cells were found in enteric
ganglia throughout the preumbilical gut. These cells were most numerous in the esophagus, sparse in the preumbilical intestine, and
absent in the postumbilical gut. When similar grafts adjacent to somites 3–5 or 3–6 were carried out, crest cells were found within
enteric ganglia along the entire gut, from the proximal esophagus to the distal colon. Vagal neural crest grafts adjacent to somites 6–7
showed that crest cells from this region were distributed along a caudal–rostral gradient, being most numerous in the hindgut, less so
in the intestine, and absent in the proximal foregut. In order to generate aneural hindgut in vivo, it was necessary to ablate the vagal
neural crest adjacent to somites 3–6, prior to the 13-somite stage of development. When such ablations were performed, the hindgut,
and in some cases also the cecal region, lacked enteric ganglionated plexuses. Sacral neural crest grafting in these vagal neural crest
ablated chicks showed that sacral cells migrated along normal, previously described hindgut pathways and formed isolated ganglia
containing neurons and glia at the levels of the presumptive myenteric and submucosal plexuses. Comparison between vagal neural
crest-ablated and nonablated control animals demonstrated that sacral-derived cells migrated into the gut and differentiated into
neurons in higher numbers in the ablated animals than in controls. However, the increase in numbers of sacral neural crest-derived
neurons within the hindgut did not appear to be sufficiently high to compensate for the lack of vagal-derived enteric plexuses, as ganglia
containing sacral neural crest-derived neurons and glia were small and infrequent. Our findings suggest that the neuronal fate of a
relatively fixed subpopulation of sacral neural crest cells may be predetermined as these cells neither require the presence of
vagal-derived enteric precursors in order to colonise the hindgut, nor are capable of dramatically altering their proliferation or
differentiation. © 2000 Academic Press
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The neurons and glia that comprise the enteric nervous
system (ENS), the intrinsic innervation of the gastrointes-
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366207. E-mail: AJ.Burns1@ulst.ac.uk.30ajority of which arise from the rhombencephalic (vagal)
eural crest as originally demonstrated in the extirpation
xperiments of Yntema and Hammond (1954). Le Douarin
nd Teillet (1973) and Epstein et al. (1994) subsequently
apped the precise level of origin of ENS precursors to the
eural crest adjacent to somites 1–7. Cells from this NC
egion enter the primitive gut early in development, mi-0012-1606/00 $35.00
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grate in a rostocaudal direction, proliferate, and finally
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neural crest contributes a significant number of neurons to
31Sacral NCC Colonise Aneural Hindgut in Vivodifferentiate into neurons and glia that accumulate as
characteristic enteric myenteric and submucosal ganglia
situated between the muscle layers of the gut wall. An
additional region of the neuraxis, the sacral neural crest,
located caudal to somite 28 in the chick and somite 24 in
the mouse, has also been shown to contribute cells to the
hindgut (Le Douarin and Teillet, 1973, 1974; Pomeranz and
Gershon, 1990; Pomeranz et al., 1991; Serbedzija et al.,
1991). However, in all of these studies, due to various
technical difficulties, the phenotypes of sacral-derived cells
within the hindgut were not determined, casting doubt on
the interpretation of the results. Due to this inconclusive
evidence and to contradictory findings which suggested
that the sacral NC does not contribute to the ENS (Allan
and Newgreen, 1980; Meijers et al., 1989), the role of the
sacral NC in ENS formation has remained controversial.
However, Burns and Le Douarin (1998) recently resolved
this issue by utilising the quail–chick grafting paradigm in
conjunction with antibody double labelling to identify
neuronal and glial phenotypes derived from sacral NCC
within chick enteric ganglia. In this study, the time course
and migration pathways of vagal and sacral NC-derived
cells were also closely followed. Vagal NCC, which migrate
in a rostrocaudal direction, were found to colonise the
hindgut during embryonic days (E) 7–9. Only after this
period of development did sacral NCC, which also form the
entire nerve of Remak, begin to enter the gut in association
with Remak-derived nerve fibres. Further, sacral cells were
only apparent in significant numbers within the gut after
E10 and were present in large numbers from E12 to E16, i.e.,
at least 4 days after the hindgut was initially colonised by
vagal NCC. This delayed migration and proliferation sug-
gested that in order to colonise the hindgut and differentiate
into neurons, sacral crest-derived cells required the pres-
ence of factors or signalling molecules released by vagal-
derived cells or their progeny. Support for this theory comes
from previous studies where the normal rostrocaudal mi-
gration of vagal NCC was interrupted by either severing the
bowel in vivo to physically prevent the migration of vagal
CC into the hindgut (Meijers et al., 1989) or by the
xcision and in vitro culture of segments of hindgut prior to
the arrival of vagal NCC (Allan and Newgreen, 1980). In
both these studies, in the absence of vagal NCC, an ascend-
ing contribution from the sacral NC to the hindgut was not
apparent and neurons were not observed. Similarly, recent
work using markers for neurons or neuronal precursors has
shown a single rostrocaudal colonisation of the rodent
intestine, with no apparent contribution from the sacral
crest (Young et al., 1998). However, the experiments of
Allan and Newgreen (1980) and Meijers et al. (1989) have
often been interpreted as providing clear evidence that the
sacral neural crest does not contribute cells to the ENS or
only does so after the gut has been colonised by vagal NCC
(Young et al., 1998). Due to the recent findings obtained
using sensitive antibody double-labelling methods (Burns
and Le Douarin, 1998), it has been shown that the sacralCopyright © 2000 by Academic Press. All rightthe chick hindgut; therefore, the lack of sacral cells in the
experiments mentioned above could be a consequence of
the absence of potential vagal NCC-derived signalling mol-
ecules necessary for sacral NCC migration and differentia-
tion.
In addition to being colonised in a complex manner from
cells arising in the vagal and sacral neural crest, the hindgut
is the region of the gut most frequently affected in devel-
opmental disorders. For example, Hirschsprung’s disease in
humans is characterised by the absence of enteric neurons
and glia within the rectum and in a variable length of the
distal colon (Robertson et al., 1997; Wartiovaara et al.,
1998). The lack of ENS cells in the hindgut (known as
aganglionic megacolon in animals) results from a defect in
the migration, proliferation, or survival of NCC or from a
defect in the local gut environment, and many genes and
cell lineages have recently been shown to be involved in
these processes (Angrist et al., 1995, 1998; Edery et al.,
1996; Bar et al., 1997; for reviews see Gershon, 1997, 1998,
1999). As we have already demonstrated that the sacral
neural crest plays a significant role in the formation of the
ENS within the hindgut (Burns and Le Douarin, 1998), the
question is raised why cells from this neuraxis fail to
compensate for the deficiency of vagal-derived NCC in
Hirschsprung’s disease or in aganglionic megacolon. Evi-
dently, if sacral NCC do require the presence of vagal
NC-derived precursors within the gut in order to migrate
and differentiate, the absence of vagal-derived cells in these
neural crest disorders would directly affect the develop-
ment of sacral NCC. Alternatively, it is also possible that
the primary defect affecting the migration, proliferation, or
differentiation of vagal cells also similarly affects sacral
derivatives, with the result that these cells cannot compen-
sate for the lack of vagal NCC-derived enteric ganglia
because they do not migrate to the bowel.
We investigated the potential interaction of vagal and
sacral NCC by mapping the migration and differentiation of
sacral cells within the chick hindgut in the absence of vagal
derived precursors using quail–chick grafting in conjunc-
tion with antibody labelling of quail cells, neurons, and glia.
In an effort to mimic an aganglionic hindgut phenotype and
interrupt the normal rostrocaudal migration of vagal NCC,
we ablated specific regions of the chick vagal NC and, in the
same ablated embryos, performed quail–chick grafts con-
sisting of the sacral NC. Results showed that sacral NCC
are not reliant on the presence of vagal NCC in order to
colonise the hindgut and differentiate into neurons as these
cells migrated into the gut along previously described
pathways, proliferated, and yielded neurons and glia in
locations appropriate for enteric ganglia. Although sacral-
derived neurons were found within the hindgut in slightly
higher numbers than in control embryos, the increase was
not sufficiently high to compensate for the lack of vagal
NCC-derived plexuses, as enteric ganglia were small, con-
tained few neurons, and were sparsely distributed within
the terminal hindgut.s of reproduction in any form reserved.
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32 Burns, Champeval, and Le DouarinMATERIALS AND METHODS
Construction of Grafts/Neural Crest Ablations
Fertilised chick (Gallus gallus domesticus) and quail (Coturnix
coturnix japonica) eggs obtained from commercial sources were
maintained and incubated as previously described (Catala et al.,
1995). The stages of developing embryos were determined either by
counting the number of pairs of somites formed or by reference to
the developmental tables of Hamburger and Hamilton (HH) (1951).
Isotopic and isochronic grafts including the entire neural tube
adjacent to somites 1–2, 3–5, 3–6, or 6–7 in 8- to 12-somite-stage
(ss) chick host embryos were surgically removed and replaced with
equivalent stage-matched tissue from quail donors, as previously
described by Le Douarin and Teillet (1973, 1974).
For neural crest ablation studies, the neural tube, including the
neural crest, was excised from various vagal regions of 8- to 12-ss
chick embryos. In some of these neural crest-ablated chicks,
isotopic and isochronic grafts involving the sacral neural crest from
quail embryos were performed at the 25 ss, i.e., approximately 24 h
after the initial vagal NC ablations were carried out (Fig. 3A). The
grafted region consisted of the neural tube caudal to the 25th pair
of somites and included the posterior neuropore to the level of the
chordoneural hinge and the rostral region of the tail bud as
previously shown (Catala et al., 1995; Burns and Le Douarin, 1998).
Immunohistochemistry
Entire gastrointestinal tracts were removed from operated em-
bryos aged between E8 and E16. Segments of gut were fixed in
Carnoy’s fluid for 10–30 min, embedded in paraffin wax, and
sectioned at a thickness of 5–7.5 mm. For antibody labelling,
ehydrated sections were placed in 10% serum in PBS for 45 min
nd then incubated overnight at 4°C in primary antisera as listed in
able 1. Following extensive rinsing in PBS, bound antibody was
abelled for 1 h with the appropriate secondary antibody and then
isualised with diaminobenzidine (DAB, Sigma) or alkaline phos-
hatase (Vector AP kit III). For double labelling with QCPN and
NNA-1, the QCPN procedure was performed first, and then after
econdary labelling and DAB staining, sections were incubated
ith ANNA-1 diluted 1:1000 in PBS containing 20% goat serum,
.3% Triton-X-100, and 0.05% sodium azide. ANNA-1 was then
Primary Antisera Used
Antisera Host species Dilutio
uail perinuclear (QCPN) Mouse Culture Supe
eural crest cell marker
(HNK-1) (Tucker et al., 1984)
Mouse Culture Supe
nti-neuronal nuclear
antibody (ANNA-1)
(Altermatt et al., 1991)
Human 1:1000
lial fibrillary acidic protein
(GFAP)
Rabbit 1:200Copyright © 2000 by Academic Press. All rightisualised with alkaline phosphatase in Tris buffer (Vector AP kit
II). Labelled tissues were photographed onto Fuji Provia 100 ASA
olour slide film using a Nikon microphot photomicroscope. The
hotographic slides were then scanned using a Nikon Coolscan III
5-mm digital scanner and figures were prepared using Adobe
hotoshop 5 software.
Quantitative Analysis
The numbers of immunopositive cells within the hindgut was
determined by serially sectioning the gut and examining a fraction
of the total number of slides as previously described (Burns and Le
Douarin, 1998). A two-tailed Student’s t test (Microsoft Excel) was
used to compare the number of sacral NC-derived cells and neurons
within the hindgut in this study, with previously published find-
ings reported for nonvagal NC-ablated chicks at embryonic day 16
(Burns and Le Douarin, 1998).
RESULTS
The first objective of this study was to generate agangli-
onic hindgut in vivo by ablating the vagal NC. As the NC
adjacent to somites 1–7 is known to contribute the vast
majority of ENS precursors along the entire length of the
gut (Yntema and Hammond, 1954; Le Douarin and Teillet,
1973; Epstein et al., 1994; Burns and Le Douarin, 1998), we
first ablated this region to prevent vagal NCC from colo-
nising the hindgut. However, when such ablations were
performed, the survival rate of embryos proved to be too
low (0% n 5 6) to allow further sacral NC grafts to be
performed on the same embryos. Although Yntema and
Hammond (1954) successfully performed such ablations, in
our hands, using smaller numbers of embryos, the low
survival rate may have been due either to the trauma of the
experimental manipulation or to heart problems resulting
from defective development of the cardiac outflow tract,
which is colonised by anterior vagal NCC, adjacent to
somites 1–3 (Kirby and Stewart, 1983; Miyagawa-Tomita et
al., 1991; Epstein et al., 1994). We therefore examined the
Source Detection
nt Developmental Studies
Hybridoma Bank
Goat anti-mouse IgG1
Southern Biotechnology
Associates, U.S.A.
nt American Tissue Type
Culture Collection
Goat anti-mouse IgM
Southern Biotechnology
Associates, U.S.A.
Generous gift from Dr.
Miles Epstein (University
of Wisconsin)
Goat anti-human IgG
Southern Biotechnology
Associates, U.S.A.
Dakopatts, Denmark Goat anti-rabbit IgG
Southern Biotechnology
Associates, U.S.A.n
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contributions of specific NC regions to the ENS with the previously published neural crest mapping studies (Peters
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33Sacral NCC Colonise Aneural Hindgut in Vivoobjective of ablating the minimum amount of tissue neces-
sary to not only create aganglionic hindgut, but also in-
crease the postoperative survival, thus allowing sacral NC
grafts to be performed on the vagal NC-ablated embryos.
Contribution of Vagal Neural Crest Regions
to the ENS
When vagal grafts in the region of somites 1–2 were
performed (Fig. 1Ai), graft-derived cells were found within
the enteric ganglia of the entire preumbilical gut, but were
absent in the postumbilical gut. In the preumbilical gut,
quail cells occurred along a rostrocaudal gradient, being
most numerous in the esophagus and very sparse in the
small intestine. In the proximal esophagus, ganglia con-
sisted of both quail and chick cells in approximately equal
proportions (Fig. 1Aii), while distally, toward the proven-
ticulus, the number of quail cells was lower. In the stom-
ach, quail cells were even fewer in number and represented
only a small percentage of total ganglion cells (Fig. 1Aiii).
Only very occasional quail cells were observed in the
preumbilical intestine (Fig. 1Aiv), while virtually no quail
cells were observed within the postumbilical intestine, nor
in the colon (Fig. 1Av).
When vagal grafts adjacent to somites 3–5 (Fig. 1Bi) or 3–6
(not shown) were carried out, quail cells were found within
the enteric ganglia along the entire gut, from the proximal
esophagus to the distal colon. Within the esophagus, gan-
glia consisted of mixed quail and chick cells in approxi-
mately equal proportions (Fig. 1Bii), while distal to the
esophagus, graft-derived cells constituted the vast majority
of all enteric ganglion cells in all regions examined (Figs.
1Biii–1Bv). The overall distribution of quail cells within
ganglia along the length of the gut was similar in both types of
grafts described, although grafts of the neural crest adjacent to
somites 3–6 were found to colonise the gut in slightly greater
proportions than grafts adjacent to somites 3–5.
Vagal neural crest grafts adjacent to somites 6–7 (Fig. 1Ci)
resulted in the colonisation of the entire gut, with the
exception of the proximal foregut. Graft-derived cells were
most numerous in the hindgut (Fig. 1Cv), where both the
myenteric and the submucosal plexuses contained quail
cells, but less so in the preumbilical intestine where only
occasional cells were present within the myenteric plexus
(Fig. 1Civ). In the stomach, positively labelled cells were
very sparse and only occasional cells were present within
enteric ganglia (Fig. 1Ciii). Graft-derived cells occurred even
less frequently in the proventriculus and distal esophagus
and were absent in the proximal esophagus (Fig. 1Cii). The
distribution of NCC from all the quail–chick grafting
experiments is summarised in Table 2.
Neural Crest Ablations and Generation
of Aganglionic Hindgut
The above findings concerning the contribution of vari-
ous regions of the vagal neural crest to the ENS, and otherCopyright © 2000 by Academic Press. All rightan der Sanden et al., 1993; Epstein et al., 1994), prompted
s to ablate the neural crest between somites 3 and 5 and
etween somites 3 and 6, in order to interrupt the migration
f vagal NCC and thus prevent hindgut colonisation. In
nimals where the vagal NC adjacent to somites 3–5 was
blated at the 10–12 ss of development, enteric ganglia were
lways (100% n 5 5) subsequently observed along the entire
ength of the gut, including within the distal hindgut,
imilar to the ENS in control, nonablated embryos (Figs.
Ai–2Aiii). However, when ablations of the NC adjacent to
omites 3–6 were performed in embryos at similar stages of
evelopment, enteric ganglia in the foregut and intestine
Fig. 2D) were well developed but the postumbilical gut,
ncluding the cecal region (Fig. 2E) and colon (Fig. 2F), were
lways (100% n 5 10) virtually free from NCC, with only
mall, isolated areas of HNK-1 immunoreactivity present
Figs. 2E and 2F). However, in these vagal NC-ablated
nimals, the length of affected gut varied, with the entire
ostumbilical gut (50% of ablated specimens, n 5 10), the
eca and colon (20%), or only the colon (30%) being vagal
CC free. The developmental stage at which the ablations
ere performed also proved critical in preventing vagal
CC from colonising the hindgut. If ablations were per-
ormed at the 13 ss or later, the hindgut was always (100%
5 5) colonised with NCC and enteric ganglia were well
eveloped at both the myenteric and the submucosal plex-
ses. However, when the neural crest adjacent to somites
–6 was ablated at the 12 ss or earlier the terminal hindgut
as always (100% n 5 10) free from vagal NCC, indicating
hat the majority of vagal NCC enter into the ENS migra-
ion pathways before the 13 ss of development. The regions
f the NC ablations, the embryonic stages at which the
blations were performed, and the resulting ENS develop-
ent are summarised in Table 3.
Colonisation of Aganglionic Hindgut
by Sacral NCC
Ablations of the vagal neural crest between the levels of
somites 3–6 were performed at the 10–12 ss, while in the
same embryos approximately 24 h later at the 25 ss, grafts
consisting of the sacral neural crest were carried out (Fig.
3A). From a total of 116 ablation procedures, 19 embryos
survived (16%) and were subjected to sacral grafts, while of
these 19 animals, 12 survived following grafting (63%
survival).
At days E12–16 in the ablated/grafted animals, enteric
ganglia were absent in the hindgut, although isolated areas
of immunoreactivity were evident on either side of the
circular muscle layer (Figs. 3B and 3C). Antibody double
labelling with the neural crest cell marker HNK-1 and the
quail cell-specific QCPN demonstrated that the areas of
HNK-1 immunoreactivity were due to the presence of
sacral NCC, as staining colocalisation was apparent in thes of reproduction in any form reserved.
34 Burns, Champeval, and Le DouarinFIG. 1. Contribution of vagal neural crest regions to the ENS. The neural tube adjacent to somites 1–2 (Ai), 3–5 (Bi), and 6–7 (Ci) was
removed from 10-ss chick embryos and replaced with the equivalent tissue from quail embryos at the same stage of development. All
regions of the gut including the esophagus, stomach, intestine, and colon were subsequently examined for the presence of quail cells, using
the quail cell-specific antibody, QCPN. Following neural tube grafts adjacent to somites 1–2, ganglia within the esophagus contained both
quail cells (Aii, arrows) and chick cells (Aii, arrowheads) in approximately equal proportions. In the stomach, ganglia contained more chick
cells (Aiii, arrowheads) than quail cells (Aiii, arrow). In the intestine only very occasional quail cells were observed (Aiv, arrow), while in
the colon, no quail cells were observed. Grafts consisting of the neural tube adjacent to somites 3–5 contributed the majority of ganglion
cells to the ENS. In the esophagus, ganglia consisted of both quail (Bii, arrows) and chick cells (Bii, arrowheads) in equal proportions, while
in the stomach (Biii), intestine (Biv), and colon (Bv), the vast majority of ganglion cells were of graft origin. Following grafts of the neural
tube adjacent to somites 6–7, the esophagus (Cii) was free from quail cells, while in the stomach, ganglia contained mainly chick cells (Ciii,
arrowheads) and few quail cells (Ciii, arrow). In the intestine, occasional quail cells were present within the myenteric plexus region (Civ),
and in the colon quail cells occurred within both the myenteric (Cv, arrows) and submucosal (Cv, arrowheads) plexus regions. Bars, 25 mm.
35Sacral NCC Colonise Aneural Hindgut in VivoFIG. 2. Effect of vagal neural crest ablation on ENS development. Using the neural crest cell-specific marker HNK-1, the development of
enteric plexuses was compared in control chicks (A–C) and in chicks in which the vagal neural crest adjacent to somites 3–6 (D–F) was
ablated. In controls, HNK-1 immunoreactivity occurred within the nerve of Remak (R) and within the myenteric (A, MYP) and submucosal
(A, SMP) plexus regions of the intestine (A), ceca and cecal buds (B, CB), and the colon (C). In vagal neural crest-ablated chicks, the pattern
of HNK-1 immunoreactivity in the intestine (D) was similar to that observed in control intestine (A). In the ceca (E) and colon (F), enteric
ganglia were absent and only small isolated areas of immunoreactivity (arrows) were observed. These occurred mainly in the region external
to the circular muscle layer corresponding to the presumptive myenteric plexus. In the ablated animals, the nerve of Remak (R) appeared
to develop normally and was situated adjacent to the gut wall, similar to control animals. Bars, 100 mm.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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36 Burns, Champeval, and Le Douarinnerve of Remak and in the areas of the presumptive myen-
teric and submucosal ganglia (Figs. 3B and 3C).
In the absence of vagal NCC, the nerve of Remak
appeared to develop normally in close association with
the gut wall (Figs. 2E, 2F, and 3B), with virtually all
neuronal and nonneuronal cells being of sacral NC origin
(Fig. 4A). As in control chick embryos, the nerve was
large in diameter in the hindgut and finer in calibre along
the intestine with distinct ganglia present along its
length, as previously described (Teillet, 1978; Burns and
Le Douarin, 1998). Between days E8 and E10 of develop-
ment, nerve fibres derived from the nerve of Remak
penetrated into the gut between the longitudinal and
circular muscle layers as previously described in non-
vagal-crest-ablated animals (Burns and Le Douarin, 1998).
Many cells of sacral neural crest origin entered into the
gut in association with these nerve fibres (Fig. 4B) and
became positioned on either side of the circular muscle
layer in the regions corresponding to the myenteric and
submucosal plexuses (Figs. 3C and 4B). These cells were
present along a caudal–rostral gradient, being most nu-
merous in the distal colon and less numerous proximally
as previously reported in non-vagal-NC-ablated chicks
(Burns and Le Douarin, 1998). Sacral NCC occurred
either in isolation outside or within the muscle layers or
occasionally grouped together as primitive ganglia within
the presumptive myenteric and submucosal ganglion
regions (Figs. 4C and 4D). However, these ganglia were
generally small and infrequent. When double labelling
with QCPN and the neuronal marker ANNA-1 was
performed, some quail cells within the ganglia were
found to be immunopositive for the neuronal marker. These
cells contained large QCPN-immunopositive nuclei with
densely ANNA-1-immunopositive cell bodies. Double labelling
with QCPN and the anti-glial fibrillary acidic protein antibody
GFAP showed that small graft-derived quail cells occurred adja-
cent to GFAP-positive cells and processes within the muscle
layers (Figs. 4E and 4F).
ontribution of Vagal Neural Crest-Derived Cells
o Different Gut Regions
Gut region
Grafts consisting of vagal neural
crest adjacent to somites
1–2 3–5 3–6 6–7
Esophagus 11 11 11 2
Stomach 1 1111 1111 1
Preumbilical intestine 1 1111 1111 1
Postumbilical intestine 2 1111 1111 1
Ceca 2 111 111 11
Colon 2 11 111 11
Note. 1111, maximum; 1, minimum; 2, absent.Copyright © 2000 by Academic Press. All rightof Sacral NCC in Vagal NC-Ablated and
Nonablated Embryos
The numbers of sacral NC-derived cells within the distal
hindgut of vagal NC-ablated chicks were compared with
those previously reported by Burns and Le Douarin (1998)
for non-vagal-NC-ablated animals at the equivalent age of
development (E16). There were significantly (P , 0.001)
ore QCPN-positive cells per histological section present
n the hindgut of the vagal NC-ablated animals (mean
45.1, SE 12.3) compared with the nonablated embryos
mean 255.6, SE 20.9), as shown in Fig. 5A. There was also
significant (P , 0.01) increase in the number of ANNA-
-positive sacral NC-derived neurons per histological sec-
ion in vagal NC-ablated chicks (mean 54.8, SE 4.1), com-
TABLE 3
The Regions of Neural Crest Ablations, the Embryonic Stages
at Which the Ablations Were Performed, and the Resulting
ENS Development/Extent of Aneural Gut
Region of vagal
NC ablation
(adjacent to somites)
Stage of
development
(number of
somite pairs)
Extent of ENS
development
3–5 10 MY and SM ganglia
along entire gut
3–5 10 MY and SM ganglia
along entire gut
3–5 10 MY and SM ganglia
along entire gut
3–5 12 MY and SM ganglia
along entire gut
3–5 12 MY and SM ganglia
along entire gut
3–6 8 Aneural SI, ceca, colon
3–6 9 Aneural SI, ceca, colon
3–6 10 Aneural SI, ceca, colon
3–6 10 Aneural SI, ceca, colon
3–6 10 Aneural SI, ceca, colon
3–6 10 Aneural colon
3–6 11 Aneural SI, ceca, colon
3–6 11 Aneural colon
3–6 11 Aneural colon
3–6 12 Aneural SI, ceca, colon
3–6 13 MY and SM ganglia
along entire gut
3–6 13 MY and SM ganglia
along entire gut
3–6 13 MY and SM ganglia
along entire gut
3–6 13 MY and SM ganglia
along entire gut
3–6 14 MY and SM ganglia
along entire gut
Note. MY, myenteric; SM, submucosal; SI, postumbilical intes-
ine.s of reproduction in any form reserved.
pared with nonablated animals (mean 31, SE 6.5), as shown
37Sacral NCC Colonise Aneural Hindgut in Vivo
Copyright © 2000 by Academic Press. All rightin Fig. 5B.
DISCUSSION
In this study, we investigated the capability of sacral
NCC to migrate and differentiate in chick hindgut devoid of
vagal NCC-derived enteric neurons and glia. To interrupt
the normal rostrocaudal migration of vagal NCC we ablated
the neural crest from chick embryos at the level of somites
3–6, thus creating vagal NCC-free hindgut. In the absence
of vagal NCC, sacral-derived cells migrated into the hind-
gut along previously described pathways and colonised the
regions adjacent to the circular muscle layers corresponding
to the presumptive myenteric and submucosal plexuses.
Although sacral NCC migrated into the hindgut and differ-
entiated into neurons in slightly higher numbers than in
nonablated animals, they failed to compensate for the loss
of vagal NCC-derived enteric plexuses as only small, iso-
lated ganglia were observed.
Contribution of Vagal Neural Crest Regions
to the ENS
We examined the contribution of various vagal NCC
regions to the ENS by performing quail–chick grafts con-
sisting of three regions: adjacent to somites 1–2, 3–5, and
6–7. The anterior region, adjacent to somites 1–2, contrib-
uted cells to the preumbilical gut, including the esophagus,
while the posterior region between somites 6 and 7 colo-
nised the entire gut with the exception of the proximal
foregut. The neural crest between somites 3 and 5 contrib-
uted the majority of ENS precursors along the entire gut and
appeared to be the most important source of enteric neu-
rons and glia. Epstein et al. (1994) also performed vagal
NCC fate-mapping studies by utilising microinjection of
replication-deficient virus containing the gene marker lacZ
into the somites. These authors proposed the neural crest
adjacent to somites 3–6 as the major source of NCC to the
gut. In addition, they found that when somites 1 and 2 were
injected with retrovirus, positive cells were observed in the
foregut, including the esophagus, but were not found distal
to the jejunum. Following our grafting experiments of the
anterior vagal NC, we observed similar results regarding the
foregut, but also found very occasional labelled cells to the
level of the umbilicus. However, in contrast to our findings
concerning the contribution of the NC adjacent to somites
6–7, where labelled cells were more numerous in the
hindgut and absent in the esophagus, Epstein et al. (1994)
observed a small number of labelled cells in the esophagus
reactivity occurred on either side of the circular muscle layer (C,
CM) in the regions corresponding to the presumptive myenteric
(MYP) and submucosal (SMP) plexuses. Bars: B, 100 mm; C, 25 mm.FIG. 3. Hindgut colonisation by sacral neural crest cells following
ablation of the vagal neural crest. (A) The neural crest adjacent to
somites 3–6 was ablated from 10 ss chick embryos. In the same
embryos, approximately 24 h later at the 25 ss, grafts consisting of
the sacral neural crest were performed. Double labelling with the
neural crest-specific antibody, HNK-1 and the quail cell-specific
marker QCPN (B, C), showed that the small, isolated areas of
HNK-1 immunoreactivity in the hindgut (B, arrows) and in the
nerve of Remak (R) were due to the presence of sacral neural
crest-derived cells (C, arrowheads). These areas of double immuno-s of reproduction in any form reserved.
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38 Burns, Champeval, and Le DouarinFIG. 4. Hindgut colonisation by sacral neural crest cells following vagal neural crest ablation. In the absence of vagal NCC, the nerve of
emak appeared to develop normally adjacent to the gut wall with all neuronal (A, arrows) and nonneuronal cells (A, arrowheads) being
CPN positive, i.e., sacral neural crest derived. Sacral cells migrated into the presumptive myenteric plexus region of the hindgut (B, MYP)
djacent to nerve fibres derived from the nerve of Remak (B, arrowheads). Some sacral-derived cells (B, arrows) were also present internal
o the circular muscle layer (B, CM), in the region corresponding to the presumptive submucosal plexus (B, SMP). Double labelling using
CPN and the neuronal marker ANNA-1 (C, D) showed that graft-derived cells occurred either in isolation (C, double arrowhead) or
rouped into small ganglia (C, arrowhead). Within enteric ganglia, some sacral-derived cells differentiated into ANNA-1-immunopositive
eurons (C, arrow; D, arrows). Double labelling with QCPN and the glial-specific antibody, GFAP (E, F), showed that sacral-derived cells
lso differentiated into glia, as double-immunopositive cells occurred adjacent to nerve fibres (E, arrows) and within isolated ganglia (F,
rrows). Bars: A, C, E, 25 mm; B, 100 mm; D, F, 10 mm.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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39Sacral NCC Colonise Aneural Hindgut in Vivoand gizzard, but no positive cells were present distal to the
ileum when somite 7 alone was injected. Durbec et al.
1996) provided similar evidence suggesting that the poste-
ior vagal neural crest adjacent to somites 6–7 contributes
ells to the foregut ENS in the mouse. When the fluorescent
arker DiI was used to label NCC emerging from the
eural crest at this neuraxis, fluorescent cells were ob-
erved 48 h later within the dorsal root ganglia (DRG) and
he foregut. (As DRG are characteristic trunk neural crest
erivatives and the caudal boundary of rhombomere 8 is
elieved to lie between somites 5 and 6, the neural crest
etween somites 6 and 7 is also referred to by Durbec et al.
1996) as anterior trunk neural crest.) Although species
ifferences may account for the conflicting findings be-
ween our study and those of Durbec et al. (1996) concern-
ng the posterior vagal neural crest, the discrepancy be-
ween the our findings and those of Epstein et al. (1994) is
ore puzzling. One possible explanation for the difference
n results is that Epstein et al. (1994) did not label the neural
rest directly, as we did using quail–chick grafting, but
njected virus into individual somites in order to infect
rest cells passing through them. It is difficult to assess how
FIG. 5. (A) Numbers of QCPN-positive sacral neural crest cells
per histological section within the hindgut of vagal NC-ablated and
nonablated chick embryos at day E16 (*P , 0.001). (B) Numbers of
NNA-1-positive sacral neural crest-derived neurons per histolog-
cal section within the hindgut of vagal NC-ablated and nonablated
hick embryos at day E16 (*P , 0.01).Copyright © 2000 by Academic Press. All righttated that only a small percentage of cells was labelled
sing this method. This could mean that the majority of
rest cells migrating through somite 7 en route to the gut
ould go undetected, particularly since Epstein et al. (1994)
erformed their injections on embryos possessing between
0 and 20 pairs of somites. As we describe below, the
ajority of enteric precursors leave the NC before the 13 ss
f development; therefore, many NCC may have already
assed through the somites before injection was performed,
hus making interpretation and comparison of the results
ifficult.
Generation of Aneural Hindgut by Ablation
of the Vagal NC between Somites 3 and 6
Yntema and Hammond (1954) originally described agan-
glionosis along the entire length of the chick gut following
ablation of the vagal neural crest. Since then, other groups
have ablated more specific regions of the vagal NC in order
to examine the subsequent effects on ENS formation.
Following one such ablation study, Peters van der Sanden et
al. (1993) suggested that the neural crest adjacent to somites
3–5 is critical for the formation of the ENS within the
hindgut, as when this region of the neural crest was ablated,
the hindgut was subsequently found to be aganglionic. In
contrast, in our study when the neural crest between
somites 3 and 5 was ablated at the 10 ss of development, the
hindgut was always found to contain ganglia at both the
myenteric and the submucosal plexuses, even in the distal
hindgut. However, when we ablated the neural crest adja-
cent to somites 3–6 at similar stages of development, the
hindgut was always free from vagal NCC and the intrinsic
intramuscular plexuses were absent. In the quail–chick
grafting experiments described above, we found that grafts
consisting of the neural crest between somites 3–5 and 3–6
both colonised the entire length of the gut, but that the
latter contributed slightly more cells to the ENS overall.
Our findings are supported by the retroviral labelling stud-
ies of Epstein et al. (1994) who demonstrated that although
the NC beside somite 5 appeared to be the most important
region for ENS development, the NC adjacent to somite 6
also significantly contributed labelled cells to the ENS
along the entire length of the gut. We are unable to explain
the differences between the findings of our investigation
and those of Peters van der Sanden et al. (1993) concerning
the development of ganglionated plexuses in the hindgut
when the neural crest adjacent to somites 3–5 was ablated,
as both studies were apparently performed on the same NC
regions of chick embryos at similar stages of development.
However, the compensatory capacity of the neural crest is
well known (McKee and Ferguson, 1984; Kirby, 1989; Peters
van der Sanden et al., 1993; Couly et al., 1996), and as we
and others have documented the importance of the NC
adjacent to somite 6 in ENS formation, in our hands it
appears that if the neural crest adjacent to somite 6 is not
included in the ablation, then sufficient NCCs are availables of reproduction in any form reserved.
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It should also be noted that in order to obtain vagal
NCC-free hindgut, it was necessary to ablate the NC
adjacent to somites 3–6 in embryos before the 13 ss of
development (the majority of our ablations were performed
at the 10 ss). If ablations were carried out at the 13 ss or
later, ganglia were always found to be present throughout
the hindgut. This suggests that by the 13 ss, a sufficiently
large population of vagal NCC have already entered the
migration pathway to the gut where they then proliferate to
form an apparently normal ENS. These findings are in
agreement with results from the original quail–chick graft-
ing experiments of Le Douarin and Teillet (1973). These
authors found that when isotopic and isochronic quail–
chick vagal NC grafts were performed at the 13 and 16 ss,
although quail cells were observed in the enteric ganglia,
the majority of cells were of chick origin, indicating that
their migration had already commenced before the grafts
were performed. It was therefore suggested that vagal NCC
migration is most active before the 13 ss but continues to
sometime after the 16 ss, as some quail cells were also
found within ganglia following grafting at this latter stage.
Our ablation studies confirm these findings.
Sacral NCC Colonise the Hindgut and Differentiate
into Neurons and Glia in the Absence of Vagal
NC-Derived Enteric Ganglia
When the normal rostrocaudal migration of vagal NCC
was prevented by the ablation of the vagal NC between
somites 3 and 6, sacral NCC migrated into the hindgut
along previously described pathways, grouped into small,
isolated ganglia and differentiated into neurons and glia.
Previous authors (Allan and Newgreen, 1980; Meijers et al.,
1989) have suggested that in the absence of vagal NCC, a
contribution to the ENS from the sacral NC fails to occur
(see Introduction). However, some of the more recent ge-
netic and molecular investigations involving ENS develop-
ment in mammals have generated data that may support
our findings concerning the ability of sacral NCC to colo-
nise the hindgut ENS in the absence of vagal NCC. For
example, c-Ret encodes the receptor tyrosine kinase RET
hich is expressed in the peripheral nervous system (PNS)
nd the ENS during development (Pachnis et al., 1993;
urbec et al., 1996). One of the ligands for RET is glial cell
ine-derived neurotropic factor (GDNF) which is expressed
n the mesenchymal cells of the gut wall (Hellminch et al.,
996; Suvanto et al., 1996). Knockout of either of these
genes in mice causes a total loss of enteric neurons and glia
within the gut caudal to the esophagus and cardiac stomach
(Pichel et al., 1996; Schuchardt et al., 1994; Sanchez et al.,
1996), while humans heterozygous for mutations at the
c-Ret locus often have Hirschsprung’s disease (aganglionic
megacolon) (Romeo et al., 1994; Angrist et al., 1995).
Durbec et al. (1996) examined the functional effects of RET
during neurogenesis of the PNS and ENS and showed that
in newborn c-Ret knockout mice, the intestine was devoidCopyright © 2000 by Academic Press. All rightpartially affected. However, in the hindgut, although en-
teric ganglia were absent, a small number of neurons were
evident near the anus (Durbec et al., 1996). It is possible
that these hindgut neurons could be sacral NCC-derived as
this lineage has not yet been shown to express c-Ret mRNA
in the gut. Further evidence supporting the theory that
sacral NCC can colonise the gut in the absence of vagal-
derived cells comes from work on GFRa1 knockout mice.
GFRa1 has been shown to be an essential receptor compo-
ent for GDNF in the developing nervous system and
idney (Cacalano et al., 1998), and mice deficient in GFRa1
have defects similar to those of the RET- and GDNF-
deficient mice. In describing the ENS defects in GFRa12/2
mice, Cacalano et al. (1998) documented the absence of
ganglia in the intestine and colon, although a small number
of enteric neurons were detected in the descending colon,
sigmoid colon, and rectum. The spatial distribution of these
neurons and the absence of vagal-derived enteric ganglia
throughout the intestine and colon strongly suggests that
these isolated hindgut neurons are sacral NC-derived cells
that migrate and differentiate independently of vagal NCC,
as was found in our study.
Failure of Sacral NCC to Compensate for the Loss
of Vagal NC-Derived Enteric Ganglia
in Aganglionic Megacolon or
in Hirschsprung’s Disease
We have shown that sacral NCC migrate into the hindgut
and differentiate into neurons and glia in the absence of
vagal NCC-derived enteric ganglia. However, it is clear
from our ablated vagal NC experimental model, and in
animals with aganglionic megacolon or humans with
Hirschsprung’s disease, that there is an absence of enteric
ganglia in the hindgut indicating that sacral NCC are
unable to compensate for the loss of vagal NC-derived
enteric cells. In this study, we have shown that numbers of
sacral-derived cells, including neurons, are slightly (al-
though statistically significantly) increased in the hindgut
compared to those in control, non-vagal-NC-ablated chicks
(Burns and Le Douarin, 1998). This slight increase in
numbers may be due to the increased availability of target-
derived growth factors or signalling molecules within the
hindgut in the absence of vagal-derived ganglia. Such mol-
ecules could include either endothelin-3 (ET-3), the ligand
for endothelin receptor-B (EDNRB) (Baynash et al., 1994), or
GDNF, a distant member of the transforming growth factor
(TGF)-b superfamily (Rosenthal, 1999). Both ET-3 and
GDNF are necessary for the development of enteric neurons
(Chalazonitis et al., 1998; Hearn et al., 1998; Wu et al.,
999) and are expressed in the gut mesenchyme (Hellminch
t al., 1996; Suvanto et al., 1996; Nataf et al., 1998; Leibl et
l., 1999). In the absence of vagal-derived ganglia, the sacral
ells that migrate into the hindgut may be exposed to larger
mounts of these factors, thus permitting a small increase
n their proliferation and/or differentiation which was de-
ected in this study. However, although we have found thats of reproduction in any form reserved.
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41Sacral NCC Colonise Aneural Hindgut in Vivoof vagal neural crest-ablated animals, these cells do not
appear to be able to increase their migration or proliferation
sufficiently to compensate for the lack of vagal-derived
enteric ganglia. A possible explanation for this finding in
the chick is that a subpopulation of sacral NCC may be
predetermined to differentiate into enteric neurons even
before they invade the gut, with the result that the presence
or absence of vagal NCC is irrelevant for their differentia-
tion.
A second possible explanation for the failure of sacral
NCC to compensate for lack of enteric ganglia in genetic
mutant mice and in Hirschsprung’s disease in humans is
that the primary defect that affects vagal NCC also affects
sacral crest cells. The result of such a neural crest defect
would be that sacral cells do not have the opportunity to
compensate for the lack of vagal NCC-derived enteric
ganglia because they are unable to reach the bowel. For
example, in Hirschsprung’s disease the terminal colon is
aganglionic not hypoganglionic. This suggests that the
sacral population is also affected and therefore not even
small numbers of these cells enter into the colon. If they
cannot enter the colon, they cannot compensate for missing
vagal-derived ganglia. This is further supported by the
findings reported in ls/ls mice. These animals have a point
mutation in the gene encoding ET-3 that results in a
phenotype of aganglionic megacolon and spotted coat co-
lour. Although the terminal hindgut of ls/ls mice is devoid
of enteric ganglia, ectopic ganglia (which are likely to
consist of sacral NC-derived neurons) have been observed
outside and adjacent to the aganglionic region of the distal
bowel (Rothman and Gershon, 1984; Payette et al., 1987).
Although recent work has shown that ET-3 is involved in
promoting the proliferation of early migratory NCC in
culture (Lahav et al., 1996) and within the gut (Hearn et al.,
1998), the primary effect of ET-3 appears to be the inhibi-
tion of the GDNF-mediated differentiation of NCC into
enteric neurons (Hearn et al., 1998; Gershon, 1999; Wu et
al., 1999). This inhibition of differentiation acts to maintain
the precursor pool of NCC ensuring that sufficient cells are
available to colonise the entire length of the gut. In the lack
of ET-3 in vivo, as is the case in ls/ls mice, the pool of
undifferentiated NCC is reduced due to the early develop-
ment of enteric neurons which neither migrate nor prolif-
erate further. The aneural hindgut phenotype of these mice
is therefore a result of the premature differentiation of vagal
NCC in the intestine and of sacral NCC outside the
hindgut wall. Since sacral NCC have not been in intimate
contact with potential signalling molecules within the gut,
it is likely that some of these cells are already predeter-
mined to a neuronal fate, resulting in the accumulation of
small, isolated ectopic ganglia. As mutations in ET-3/
EDNRB have also been reported in patients with Hirsch-
sprung’s disease (Puffenburger et al., 1994; Edery et al.,
1996), a similar situation regarding the fate of sacral NCC
may exist, with ectopic ganglia forming outside the gut
wall, although to date such ganglia have not been reported.Copyright © 2000 by Academic Press. All rightesearch is required to clarify the fate of sacral NCC in this
isorder.
In conclusion, we have shown that in order to colonise
he hindgut and differentiate into neurons and glia, sacral
CC do not require any interaction with vagal NCC-
erived cells. We suggest that the developmental fate of a
elatively fixed subpopulation of sacral NCC may be prede-
ermined to the ENS lineage, regardless of the presence or
bsence of vagal NCC. The proliferation/differentiation of
hese cells appears to be relatively stable; therefore, sacral
CC may be unable to rescue the aganglionic phenotype
ommon to many ENS developmental disorders.
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